A water soluble naphthalenebisimide derivative (NBI) was synthesized and probed to individualize, suspend, and stabilize single wall carbon nanotubes (SWCNTs). Besides a comprehensive photophysical and electrochemical characterization of NBI, stable suspensions of SWCNTs were realized in buffered D 2 O. Overall, the dispersion efficiency of the NBI surfactant was determined by comparison with naphthalene based references. Successful individualization of SWCNTs was corroborated in several microscopic assays. In addition, emission spectroscopy points to the strong quenching of SWCNT centered band gap emission, when NBIs are immobilized onto SWCNTs. The origin of the quenching was found to be strong electronic communication, which leads to charge separation between NBIs and photoexcited SWCNTs, and, which yields reduced NBIs as well oxidized SWCNTs. Notably, electrochemical considerations revealed that the energy content of these charge separated states is one of the highest reported for SWCNT based electron donor-acceptor hybrids so far.
Introduction
Ever since their discovery and large scale production in the 1990's, 1 single wall carbon nanotubes (SWCNTs) have emerged as benchmark materials in the elds of materials science, 2 molecular electronics, 3 catalysis, 4 and solar energy conversion.
5
High performance SWCNT materials require effort to process, to individualize, and to stabilize them, for example, in the form of suspensions. To date, the aforementioned aspects still remain a challenge, since SWCNTs tend to form bundles/ropes due to strong van der Waals interactions. 6 One way to overcome this intrinsic feature requires the covalent attachment of solubilizing and/or individualizing groups by means of chemical functionalization. Covalent functionalization leads, however, to the transformation of sp 2 into sp 3 hybridized carbons and, in turn, to a notable perturbation of their electronic structure. 7 An alternative means to ensure processing, individualization, and stabilization, on the one hand, and preserving the intrinsic properties of SWCNTs, on the other hand, is non-covalent functionalization. In this context, a class of promising materials are amphiphiles such as ionic and non-ionic surfactants.
8
A careful tuning and/or modication of these amphiphilic building blocks can be achieved through targeting the implementation of additional p-systems, electron donors, electron acceptors, etc. A common denominator of the aforementioned is the gain of control over interactions with SWCNTs. For example, considering the extended p-system of SWCNTs and their p-type semiconducting nature, an amphiphile featuring an extended, electron accepting p-system should enhance/maximize the stability of SWCNT suspensions. Organic rylene derivatives are promising candidates owing to their susceptibility in terms of charge transfer interactions.
9 As a matter of fact, perylenebisimides (PBIs) have been successfully utilized towards the realization of SWCNT/PBI based electron donoracceptor hybrids, for which experimental data corroborates even in the dark, that is, in the ground state, a redistribution of the electron density which evokes the partial oxidation of SWCNTs and reduction of PBIs.
10
Contrary to PBIs, naphthalenebisimides (NBIs) as the smallest analogue of the rylene family, have rarely been integrated into organic, functional hybrids based on SWCNTs.
11 Despite their smaller size, interesting features of NBIs such as being an n-type semiconductor and exhibiting high p-acidity and chemical versatility renders them promising candidates for novel photoactive SWCNT based hybrids, yielding oxidized SWCNTs as well as reduced NBIs upon illumination or even in the dark.
12 Some of these properties have been proven upon implementing NBIs as electron acceptors in photoactive electron donor-acceptor hybrids, 13 anion transport 14 as well as electron conducting channels 15 and layers or even in p-catalysis.
In this contribution, a water soluble polyanionic NBI (1) was used to prepare photoactive HiPco-SWCNT hybrids in aqueous media. Synergetic effects stemming from hydrophobic/hydrophilic, p-p, and charge transfer interactions, which are operative between 1 and HiPco-SWCNTs, are the basis for individualization of the HiPco-SWCNTs and stabilization of the corresponding HiPco-SWCNT/1 suspensions.
17

Results and discussion
The synthesis of 1 and 1a is schematically shown in Scheme 1 and the details are provided in the ESI. †
The rst part of our investigation is concerned with the photo-and redoxchemical properties of 1 and its tert-butyl protected analogue 1a as a function of state, that is, monomer versus aggregate, in solution (Fig. 1) . Typically, rylenes are prone to aggregation in solution, which has let us to investigate the aggregation of 1 in D 2 O. In the context of 1, information about its ordering in solution has been gathered in concentration dependent steady state absorption and emission assays. Fig. 1 illustrates that the absorption spectrum of 1 displaysin sound agreement with previous reports -well resolved maxima at 363 and 383 nm and shoulders at 235 and 344 nm with extinction coefficients in the range from 10 000
12a Interestingly, these features are concentration independent. The latter nding is, however, in stark contrast to investigations with water soluble, H-type aggregate forming perylene bisimides -see Fig. S1 . † 18 In addition, 325 nm excitation of 1 resulted in two uorescence maxima at 395 and 413 nm and in low uorescence quantum yields around 10 À4 M. 19 Contrary to the ground state absorption, the uorescence features of 1 give rise to a concentration dependence. At concentrations of less than 10 À5 M the uorescence appears as mirror image of the ground state absorption, which is shown in Fig. 1 .
At concentrations of 5 Â 10 À5 M and higher the long wavelength uorescence at 413 nm dominates the uores-cence spectrum - Fig. S2 . † In the excitation spectra, a good agreement with the absorption features was established, as shown in Fig. S3 . † A partial contribution from inner lter effects cannot be ruled out. In additional experiments we probed the inuence of ionic strength through the addition of sodium chloride as well as the addition of the non-ionic surfactant Triton X. In line with the aforementioned assays, which focused on concentration dependencies, no appreciable alterations of the spectral shape were noted.
18
The energy of the singlet excited state was determined based on the long wavelength absorption and the short wavelength uorescence maxima as 3.14 eV with a Stokes shi of 0.09 eV. Owing to the well resolved vibronic ne structure in the absorption and uorescence as well as the small Stokes shi, 1 is unlikely to form H-type aggregates. Instead, J-type aggregates of 1 or even its monomers -both giving rise to an intrinsically low uorescence quantum yield -have to be taken into consideration. Notably, the weak uorescence properties of non-core substituted NBIs have recently been reported. Fig. 2 . With solutions of C 60 in toluene as standard, the triplet quantum yield of 1 was determined to be around 5%.
22
Owing to the electron accepting properties of 1, 13a,c we turned to electrochemical and spectroelectrochemical investigations to determine the reduction potentials and the corresponding ngerprints of the one electron reduced form of 1, respectively. Cyclic voltammetric (CV) reduction of 1 at À0.8 V vs. Ag-wire is seen to lead to the formation of new maxima in the 400 to 700 nm range, which appear broadened when compared to the DMSO case. An additional feature, which maximizes at 1120 nm, has recently been assigned to arise from p-stacks following reduction -as shown in Fig. 3 . 24 As Fig. S6 † documents, these features are reversible throughout at least 3 electrochemical cycles.
To gather further insight into the excited state dynamics of 1, femtosecond pump probe experiments were performed by exciting 1 in D 2 O/H 2 PO 4 À /HPO 4 2À at 387 nm. The differential absorption spectra of 1 lack any noticeable transient features in the 400 to 1200 nm range, which may be assigned to any singlet excited states, on the femto-and picosecond time scales. When turning, however, to the nano-and microsecond time scales, a transient maximum is noted at 480 nm in stirred and argon purged solutions. Since the corresponding absorption-time proles reveal decays on the microsecond time range, we tentatively assign the noted transient maximum to the triplet excited state -as shown in Fig. 4 . Conrmation for this hypothesis came from probing its oxygen sensitivity. Taking, for example, the 483 nm time absorption prole, a lifetime of 18 ms in argon saturated solution was deduced. Probing oxygen purged solutions resulted in a sufficient quenching of photoexcited 1. Now, the lifetime is 680 ns as determined from the 416 nm kinetics.
Reference experiments with 1a in THF produced a rather different picture - Fig. S7 . † In particular, a strong transient signature evolves for 1a at 597 nm within the rst few picoseconds following 387 nm excitation. These features transform within less than 15 ps into transient signatures at 450 and 480 nm, which are stable on the 7 ns timescale. Similar transient features have been reported in acetonitrile and assigned to the triplet excited states. 25 The triplet nature of these excited states was proven by means of quenching experiments with molecular oxygen on the nano-and microsecond time scales. In the absence of molecular oxygen, a monoexponential decay of, for example, the 482 nm kinetics led to a lifetime of 8.4 ms. In the presence of oxygen, the lifetime is only 152 ns. The corresponding spectra are gathered in Following the characterization of 1 and 1a, the focus was placed on probing SWCNTs. For the immobilization of 1, HiPcoSWCNTs were utilized. To study the electronic and photophysical properties of SWCNTs with different chiralities and different band gaps, HiPco-SWCNTs were dispersed in D 2 O via surfactant-stabilization with sodium dodecylbenzenesulfonate (SDBS).
The absorption spectrum is best described as the superimposition of several maxima reaching from the visible to the near-infrared -vide infra (Fig. 8, top ). As such, three sets of absorption features are assignable to M 11 transitions -at wavelengths shorter than 500 nm -to S 22 transitions -dominating the 500 to 700 nm range -and to S 11 excitonic transitions -at wavelengths larger than 1000 nm. Assignment of these states to the corresponding SWCNT chiralities is provided in Table S1 . † Upon photoexcitation in the visible, distinct uo-rescence maxima of the S 11 transitions of different nanotube species were detected in the near-infrared - Fig. S10 . † These ndings are well documented and rationalized on the basis of individualized and stabilized SWCNTs, which are, nevertheless, polydisperse.
26
Besides steady-state absorption and uorescence, Raman spectroscopy is another well established tool to characterize SWCNT dispersions and hybrids.
27
For HiPco-SWCNTs solubilized by means of SDBS, Raman analysis upon 1064 nm excitation of the three most important signatures, namely radial breathing modes (RBM), G-, and 2D-modes, was performed and the results were compared to those obtained for solid HiPco-SWCNTs. Importantly, all of the SWCNT modes appear better resolved for HiPco-SWCNT/SDBS. Taking the aforementioned into consideration, we conclude the individualization of HiPco-SWCNTs. 28 The absence of notable electronic communication and/or doping is inferred from the absence of notable shis in the RBM, G-, and 2D-modes - Table  S2 and Fig. S11 . † Next, the redox properties of HiPco-SWCNT/SDBS were tested utilizing absorption spectroelectrochemistry. Throughout several electrochemical scans, which were performed in the range from À0.8 to +0.6 V vs. Ag-wire, a quasi-reversible behavior is derived for HiPco-SWCNT/SDBS from the absorption vs. potential dependences -as shown in Fig. 5 . Fig. S12 † presents the results under oxidative conditions and the resulting potential vs. differential absorption proles.
Finally, the excited states of HiPco-SWCNT/SDBS were probed upon 387 nm laser excitation. Immediately aer laser excitation, several maxima and minima evolve throughout the visible and near infrared regions. Most prominent is the depopulation of the SWCNT ground state in the form of minima at 1265, 1324, 1378, and 1418 nm as mirror images of the corresponding ground state absorption -S 11 -as shown in Fig. 6 . From careful kinetic analyses at different wavelengths, a biexponential recovery of the ground state was derived -a short lived, 1 ps component and a longer lived, 50 ps component. Since excitation at 387 nm leads to the population of S 22 excitonic states, we assign the short lived component to interband relaxation, whereas the long lived component relates to an excitonic recombination in individualized SWCNTs.
29
Following the characterization of 1, 1a, and well debundled HiPco-SWCNT, we started optimizing the conditions to individualize and to disperse HiPco-SWCNT in the form of HiPco-SWCNT/1 rather than SWCNT/SDBS. To shed light on the dispersion efficiency of 1, amphiphilic NBI 4 as well as the corresponding naphthalenemonoimide (NMI, 5) were probed for comparison -as shown in Fig. 7 . Synthesis details are given in the ESI. †
In perfect consistency with our previous studies on PBI, we nd the dispersion efficiency to be signicantly higher in buffered systems. 30 This is attributed to a higher packing density of the dyes on the nanotube scaffolds due to charge screening by the counterions.
30
In the following, we have therefore focused on the investigation of 1, 4 and 5 in buffered media, which are either neutral (pH 7, D 2 O/H 2 PO 4 À /HPO 4 2À ) or alkaline (pH 10, H 2 O). Notably, decomposition of 1 caused by sonication is ruled out based on NMR data - Fig. S13 . † Stable hybrid materials were, however, obtained only with HiPco-SWCNTs, since attempts to create stable hybrids with CoMoCAT-SWCNTs failed. A likely rationale is the imbalance between the bulky dendron and the small p skeleton of 1, reducing p-p interactions between 1 and smaller diameter SWCNTs. Upon comparing the absorption spectra of 1 and HiPco-SWCNT/1 no appreciable shis in, for example, the visible range, where NBI centered features dominate, are noted -as shown in Fig. 8 . In the near infrared, a region where SWCNT centered transitions are expected, those for HiPco-SWCNT/1 are strongly broadened and red shied relative to HiPco-SWCNT/SDBS. The resulting maxima at 1171, 1317, and 1425 nm are assigned to the S 11 transitions (8,6), (9,4), (8,7), (7, 6) , and (11,1) of HiPco-SWCNT, which are broadened and superimposed as a consequence of the interactions with 1.
In a complementary approach, the dispersion efficiency of 1 was correlated with that of 4 and 5, respectively. At pH 10, dispersion efficiencies are derived from the SWCNT concentration in the stable supernatant dispersion -based on the extinction coefficient previously determined 31 -and the initial SWCNT concentrations. Both 1 and 4 are potent surfactants yielding dispersions, in which typically 60% of all SWCNTs are effectively dispersed. The related naphthalene monoimide 5 exhibits a signicantly lower dispersion efficiency of only 5% as shown in Fig. S14 . † As a complement to the near infrared absorptions, the near infrared uorescence of HiPco-SWCNT/1 was investigated. All throughout the excitation range, that is, from 550 to 775 nm, no appreciable SWCNT related band gap emission evolves. This is consistent with our previous data on perylene bisimide surfactants and documents that the SWCNT uorescence is quenched and red-shied when dispersed with 1 and 4. 17,30,32 This is, nevertheless, in stark contrast to perylene imidodiesters, for which the SWCNT uo-rescence is not subject to any appreciable quenching.
33 An illustration for HiPco-SWCNT/SDBS and HiPco-SWCNT/1 without and with additional SDBS is shown in Fig. 9 , which documents the overall quenching.
Considering that both effects, namely broadened/red shied absorption features, on the one hand, and strongly quenched uorescence, on the other hand, may be caused by insufficient debundling 34 and/or strong electronic communication between HiPco-SWCNT and 1, transmission electron microscopy (TEM) was used to probe the degree of stable individualization of HiPco-SWCNT/1. To this end, HiPco-SWCNT/1 was applied on an ultrathin carbon lm covered TEM grid and scanned for individual and bundled objects. The majority of the SWCNTs were found to be individualized throughout the entire specimen -as shown in Fig. 10 . To probe the morphology of HiPco-SWCNT/1, a highly concentrated dispersion of HiPco-SWCNT/1 was applied on a lacey carbon lm and scanned for freestanding SWCNT networks. As shown in Fig. 10 and S15, † the freestanding individual SWCNTs feature an amorphous coating that is typical for functionalized or wrapped SWCNTs.
Simultaneously, we performed statistical atomic force microscopy (AFM) analysis of HiPco-SWCNT/1 alkaline dispersions to corroborate our TEM assays. As shown in Fig. 10 , the SWCNTs are predominantly individualized. Considering that all of the one-dimensional objects with AFM heights <1.5 nm relate to individualized SWCNTs, the degree of individualization is >65%. Notably, this is signicantly higher than what is typically found when employing SDBS.
17b, 31 From the latter we conclude that the reduced uorescence intensities in the HiPco-SWCNT/1 dispersions are due to intermolecular interactions rather than a lack of efficient individualization. The aforementioned assays corroborate the HiPco-SWCNT exfoliation and, in turn, aggregation induced quenching of the uorescence is ruled out. Consequently, strong electronic communication between HiPco-SWCNT and 1 in the form of, for example, charge transfer, is likely to be in operation.
Further support for this notion came from Raman spectroscopy. Table S2 , † which lists Raman data for pristine HiPco-SWCNT, HiPco-SWCNT/SDBS, and HiPco-SWCNT/1 taken on alumina substrates, reveal notable differences. Firstly, two Lorentzian functions are required to appropriately t the Gmode in HiPco-SWCNT/1. Secondly, the 2D mode - Fig. 11 -of HiPco-SWCNT/1 is shied to 2553 AE 2 cm À1 compared to 2550 cm À1 for HiPco-SWCNT/SDBS, a nding that infers, for example, a shi of electron density from the electron donating HiPco-SWCNT to the electron accepting 1, which is in support of charge transfer interactions. For a more comprehensive understanding, Raman spectra, including RBM analysis, of pristine HiPco-SWCNT, HiPco-SWCNT/SDBS and HiPco-SWCNT/1 are shown in Fig. S16 . †
35
To shed light on the nature of the interactions, which are operative between HiPco-SWCNT and 1, transient absorption spectroscopic measurements were performed. Immediately following 387 nm pulses, differential absorptions evolve, which differ signicantly from those seen for HiPco-SWCNT/SDBS -as shown in Fig. 12 . For HiPco-SWCNT/1, maxima were registered in the visible range at 431, 468, 500, 530, 580, 626, and 680 nm. In stark contrast, for HiPco-SWCNT/SDBS, no minima are, however, discernible in this spectral region. In this context it is important that our spectroelectrochemical investigations -vide supra -help to document the spectroscopic ngerprints of the one electron reduced form of 1 in this range of the spectrum. The superimposition of these features with the characteristics of HiPco-SWCNT is the origin of the overall spectral shape. Additional evidence for an ultrafast charge transfer was derived from the transient features in the near infrared. In particular, minima, which are noted at 890, 1327, and 1451 nm, are a reection of the ground state absorption. As time progresses, the aforementioned minima blue shi, that is, from 1327 to 1311 nm and from 1451 to 1442 nm and the underlying transformation is likely to be due to a charge separation.
10,35 Thus, we postulate that photoexcitation of HiPco-SWCNT/1 is followed by the formation of a charge separated state comprising one electron reduced 1 and oxidized HiPco-SWCNTs. Biexponential kinetic analyses at different wavelengths yields lifetimes of 1 and 41 ps, which are assigned to charge separation and charge recombination, respectively -as shown in Fig. 12 .
The electrochemical/spectroelectrochemical experiments assisted in determining the energy of the charge-separated state relative to the ground state. For example, the characteristic features of the one electron reduced form of 1 appear at a potential of À800 mV, whereas the onset of the oxidatively induced changes of the E 11 and E 22 transitions appears in a potential range of +200 and +600 mV, in line with published reports. 10a,36 Consequently, the energy of the charge separated state ranges from 1.0 to 1.4 eV. Besides localized singlet excited states, which are either HiPco-SWCNT or 1 centered, a charge transfer state is likely to be the starting point for the charge separation. The corresponding energy values are 3.1 eV for 1 and 1.8-2.4 eV for HiPco-SWCNT. We conclude from these considerations that both the reduction of 1 and the oxidation of SWCNTs are feasible with driving forces of 1.7-2.1 and 0.4-1.4 eV, respectively -as shown in Fig. 13 . In line with these thermodynamic arguments is the fact that no evidence is found for any triplet excited state.
37
We rounded off our investigation with the selective deimmobilization/removal of either 1 or 4 from SWCNTs. To this end, solid SDBS was added to stable dispersions of HiPco-SWCNT/1 or HiPco-SWCNT/4 and the corresponding spectral changes were monitored by means of steady state absorption, uorescence, and transient absorption measurements. For a detailed description and analysis see the ESI, † where data from the steady state absorption/emission measurements as well as transient absorption assays are gathered - Fig. S17 Lambda 2 spectrometer or a Cary 5000 spectrometer (Varian). Emission was detected in the visible range using a Flouromax3 spectrometer (Horiba Scientic) and in the near infrared using a Floruolog 3 (Horiba Scientic) equipped with an InGaAs symphony as the detection unit. Transient absorption spectra on the pico-and nanosecond timescales were performed with output from CPA2110 or CPA 2101 Ti/sapphire laser systems from Clark-MXR Inc. (775 nm, 1 kHz, 150 fs FWHM pulses). 387 nm excitation pulses were generated by second harmonic generation. For measurements with pico-and nanosecond time resolutions a Helios transient absorption spectrometer was used. For the corresponding measurements on the microsecond time scale, an EOS transient absorption spectrometer was used. Both systems were provided by Ultrafast Systems. All measurements were carried out in 2 mm OS quartz cuvettes. Raman spectra were recorded from solid/solid lms deposited on alumina pellets. A Bruker Raman spectrometer RFS 100 (nitrogen cooled Ge-detector, l ex ¼ 1064 nm) was used for all of the experiments.
Microscopy
Transmission electron microscopy was conducted on a Zeiss Leo EM912 Omega with an acceleration voltage of 80 kV. Specimens were prepared through dip casting of either lacey carbon/copper or lacey carbon supported ultrathin carbon/ copper grids into a suspension of SWCNT/1 or SWCNT/SDBS. The sample grids were dried at 80 C for 5 h prior to microscopy.
Atomic force microscopy tapping mode images were recorded on a Solver Pro scanning probe microscope (NT-MDT) equipped with a Sony Exwave HAD camera optical zoom (6.5). The carbon nanotube material was spread on oxidized silicon wafers with a 200 nm thermally grown oxide layer through spin coating (100 rps).
Electrochemistry
Cyclic voltammetry and square wave voltammetry were performed using a Methrom mAutlobabFraIII with an incorporated impedance unit. Measurements were performed in a homemade cell (V ¼ 5 mL) with a glassy carbon working electrode (3 mm diameter), silver wire acting as the pseudo reference electrode and Pt wire serving as the counter electrode. NOVA 1.10© from Methrom served as the control soware.
Spectroelectrochemical measurements were performed in a homemade three neck cell equipped with Pt-mesh as the transparent working electrode, Ag-wire as the pseudo-reference electrode and a Pt plate as the counter electrode. A PGStat 101 from Methrom was used as the potentiostat. The latter was controlled using the soware NOVA 1.10© provided by Methrom.
Conclusions
In summary, we have demonstrated that water soluble NBI 1 is a powerful surfactant for the individualization, stabilization, and photo-/redoxchemical modulation of HiPco-SWCNTs in aqueous media. Our concept to combine p-p, hydrophobic/ hydrophilic, and charge transfer interactions, which was earlier established for both perylenebismide/CoMoCAT-SWCNT and perylenebismide/HiPco-SWCNT hybrids, 10,17 was successfully transferred for the rst time to naphthalenebisimides yielding stable HiPco-SWCNT/1 hybrids in 0. In stark contrast, we failed to generate stable hybrids based on CoMoCAT-SWCNTs due to an unsuitable balance between the size of the Newkome dendron and that of the naphthalene core. Sequentially, detailed replacement studies with HiPco-SWCNT/ 1 as well as reference experiments with HiPco-SWCNT/4 and SDBS point to a preferential stabilization of larger diameter SWCNTs with 1 as a result of the packing densities -vide supraas shown in Fig. 14 and S18 . † Besides the comprehensive characterization of 1, in which we corroborated the high energetics, but found only moderately emitting excited states together with a strong electron accepting character, the ground and excited state interactions between HiPco-SWCNTs and 1 were at the focal point of our investigations. With the help of an arsenal of spectroscopic and microscopic techniques, the formation of a charge separated statecomprising oxidized HiPco-SWCNTs and the one electron reduced form of 1 -was corroborated. The latter decays on the picosecond time scale by reinstating the singlet ground state. Notable is the fact that NBIs are among the smallest molecular building blocks which have ever been immobilized onto SWCNTs, and, which afford stable SWCNT suspensions. In light of their high lying and accessible excited states, 1 forms with HiPco-SWCNTs highly energetic charge separated states (1.2-1.4 eV).
